The infrastructure available on the ISS provides a unique opportunity to develop the technologies necessary to assemble large space telescopes. Assembling telescopes in space is a game-changing approach to space astronomy. Using the ISS as a testbed enables a concentration of resources on reducing the technical risks associated with integrating the technologies, such as laser metrology and wavefront sensing and control (WFS&C), with the robotic assembly of major components including very light-weight primary and secondary mirrors and the alignment of the optical elements to a diffraction-limited optical system in space. The capability to assemble the optical system and remove and replace components via the existing ISS robotic systems such as the Special Purpose Dexterous Manipulator (SPDM), or by the ISS Flight Crew, allows for future experimentation as well as repair if necessary. In 2015, first light will be obtained by the Optical Testbed and Integration on ISS eXperiment (OpTIIX), a small 1.5-meter optical telescope assembled on the ISS. The primary objectives of OpTIIX include demonstrating telescope assembly technologies and end-to-end optical system technologies that will advance future large optical telescopes.
INTRODUCTION
New technology and telescopes of increasing diameter have driven astronomical discoveries for four hundred years, since the time of Galileo, for the simple reason that astronomy is photon-limited. Large apertures are required to collect enough photons to make useful measurements. Increasing aperture diameter also increases angular resolution: the ability to discern fine structure and distinguish objects in close proximity. Angular resolution is most effectively realized in space, where the theoretical "diffraction limit" of an optical system can be achieved over a large field of view and not be limited by atmospheric distortions ("seeing"). Furthermore, the accessible range of the electromagnetic spectrum is much wider in space than from beneath the Earth's atmosphere. The Hubble Space Telescope (HST), to date the largest UV/optical astronomical space telescope, has amply demonstrated the breadth of fundamental astrophysics that can be extracted from space-based observations. HST's versatility has allowed it to be used to make pioneering discoveries in fields never envisioned by its builders. The international astronomical community expects no less from this decade's flagship observatory, the 6.5-m diameter James Webb Space Telescope (JWST), an IR-optimized successor to HST, expected to be launched in 2018.
The most profound and exciting scientific goal for a future large space-based optical/UV telescope is the search for life elsewhere in the Galaxy. In recent years, large numbers of extrasolar planets have been discovered 1, 2 , and in the nearfuture it is expected that a significant percentage will be found in the "habitable zones" of their host star. This has given an enormous impetus to answer the age-old question of whether planets other than the Earth harbor life. A future large optical/UV space telescope with the ability to accomplish high-contrast observations, will have the capability to image and characterize terrestrial planets around nearby stars and to seek evidence of life by direct observations of "biosignatures" in the their spectra.
A large optical/UV space telescope designed to detect biosignatures on exoplanets will also be capable of carrying out a wide variety of fundamental astrophysical investigations crucial to our understanding of the structure of the Universe and its evolution. Such astrophysical studies include the development of a comprehensive theory of star formation derived from direct observations of stellar populations among the full range of galaxy types. In addition, we can expect significant breakthroughs in understanding the assembly and evolution of galaxies by directly mapping the gas that flows into and from intergalactic space.
THE DESIGN OF A NEXT-GENERATION SPACE TELESCOPE
These most compelling scientific goals for next-generation UVOIR space telescopes require a primary aperture diameter of at least 8 meters and, for some applications, as large as 16 meters (e.g. the Advanced Technology Large Aperture Space Telescope, ATLAST 3 ). A space telescope of such a size with a spatial resolution more than four times that of HST and a factor of 50 to 2000 gain in sensitivity in the UV and optical, will achieve the revolutionary -and challengingobservational requirements for investigating Earth-like planets around other stars. For example, ATLAST was designed to have the angular resolution and sensitivity to characterize the atmosphere and surface of an Earth-sized exoplanet in the "habitable zone" at distances up to ~45 pc, including its rotation rate, climate, and habitability. A telescope with these capabilities, of course, enables fundamental breakthroughs in general astrophysics, both on its own and in combination with other telescopes with complementary performance.
Segmented space telescope mirror designs offer the most credible technology to construct such a telescope. Current designs for future large telescopes in space require low-areal density mirror segments measuring at least 1.3 m (for a 9.2-m telescope) and up to 2.4 m (for a 16-m telescope). Some potential options for the mirror composition include the Advanced Mirror System Demonstrator (AMSD) Ultra Low-Expansion (ULE) glass segments developed as a candidate mirror material for the JWST, Actuated Hybrid Mirrors (AHM) using nanolaminate materials, and corrugated glass technology. A truly large segmented primary also requires at least partial assembly of the telescope in space, most likely using a combination of autonomous and human-controlled robotic systems.
Wavefront sensing and control (WFS&C) is an essential technological ingredient in enabling large segmented primary mirror telescopes to function optimally. The technology needs to be improved upon that developed for JWST, which works in the infrared, to meet the higher precision requirements when operating at shorter visible wavelengths.
In-space demonstration of these key enabling technologies in advance of the 2020 NRC Decadal Survey, which will review the readiness of space astronomy mission capabilities beginning in 2019, is necessary if a large UVOIR space telescope is to be favorably considered in NRC's prioritization of the science goals and missions for the decade of the 2020s. This has motivated much of our strategic thinking.
OVERVIEW: THE OPTIIX DEMONSTRATION MISSION
The Optical Testbed and Integration on ISS Experiment (OpTIIX) advances significantly the state of the art of major technological capabilities required for a future UVOIR space observatory that will be larger and more capable than either HST or JWST. OpTIIX will be robotically assembled using existing ISS capabilities. Its segmented primary mirror will be controlled using active WFS&C and laser metrology to enable and maintain diffraction-limited imaging in the optical, a critical requirement for future concepts intended to study extrasolar planets.
In addition, beyond an engineering and technology pathfinder for future large optical telescopes, OpTIIX is planned to provide significant opportunities to multiple communities. Professional researchers in optics and systems engineering can test innovative methods in these areas. That is, OpTIIX can provide an opportunity to flight test novel, but immature instrument concepts and operation.
Furthermore, OpTIIX offers new opportunities for innovative education and public engagement through web-based tools and observational programs for amateur astronomers and middle and high school students. The presence on ISS of such a high-profile instrument provides exciting learning opportunities, which will inspire and excite people about the benefits of STEM careers. In doing so, OpTIIX will help to raise the profile of ISS among the general public.
OpTIIX, in principle, could also enable professional astronomical observations of significant scientific value. These include Solar System monitoring, stellar populations and young star outflows, as well as rapid follow-up to transient events.
THE OPTIIX SYSTEM DESIGN
The OpTIIX payload is a modularized telescope architecture using deformable primary mirror segments that will be launched and assembled on the ISS robotically. It is comprised of six modules to be launched separately and transported using either a Japanese H-II Transfer Vehicle (HTV) or SpaceX Dragon vehicle (Fig. 1) . The modules include the Telescope Core Module, Gimbal Module, Secondary Tower Module and three Mirror Segment Modules. The Telescope Core and Gimbal Modules will be launched in the unpressurized portion of the launch vehicle. The other four modules will be launched in the pressurized portion. The modules will be assembled on-orbit to mechanical tolerances (~sub-millimeter precision), and tuned on orbit for optical performance (~nanometer precision) using actuated hybrid mirrors (AHM).
The Telescope Core Module is the heart of the telescope. It contains the avionics for command, telemetry, and control of the telescope, star trackers and a gyro for determining telescope position, the WFS&C unit used to focus the telescope in situ, and the Imaging Camera. A roof-top mirror (RM) folds the optical beam toward the Imaging and Wavefront Sensing cameras.
The Gimbal Module will be developed and delivered by NASA Johnson Space Center (JSC) and will leverage existing Robonaut 2 (R2) designs. The R2 is a humanoid robot that uses series elastic actuation, brushless DC motors, electromagnetic failsafe brakes and harmonic drive gear reductions 4 . It was delivered to the International Space Station February 2011 and joints used as basis for the OpTIIX Gimbal Module will be certified to operate outside the vehicle prior to the completion of the OpTIIX ground testing program. This module provides macro-level pointing control of the telescope between the ISS and the Telescope Core Module via a Flight Reusable Attachment Mechanism (FRAM). It has three degrees of freedom: azimuth (+/-90 degrees), elevation (+20/-45 degrees), and field rotation (+/-20 degrees).
The Secondary Tower Module contains the secondary mirror (SM), tertiary mirror (TM) and coarse steering mirror (CSM) along with their drive electronics. The secondary mirror, in conjunction with the primary mirror segments, provides the initial telescope alignment and the diffraction-limited focusing capability. The CSM and tertiary mirror provide respectively coarse and fine-pointing control for the telescope. The CSM has a hole in its center to let the optical beam traverse from the SM to TM. This hole is located at the telescope intermediate focus, and its size limits the system's field of view. The three Mirror Segment Modules are each comprised of two primary-mirror AHM segments, their rigid-body actuators and electronics, shape-actuator electronics, laser metrology beam launcher, source and electronics, and a deployable sunshade structure carrying the telescope cover with electronics.
The OpTIIX front-end telescope is an on-axis obscured three-mirror anastigmat (TMA). The three mirrors with optical power -primary, secondary, and tertiary -are conic aspheres. The primary mirror has a 1.45-m aperture and is comprised of six hexagonal AHM segments of 50-cm diameter (point-to-point). The primary mirror defines the entrance pupil; the CSM is located at the real-image pupil.
Each primary segment has six rigid-body actuators (RBA) to provide macro adjustment of the segment and 90 shape actuators embedded in the mirror backing rib structure to provide micro adjustment of the segment surface (Fig. 2) . These actuators provide on-demand figure control, producing a system that is robust against manufacturing and alignment errors. The mirrors leverage a decade of investment by the Department of Defense (DOD) community and are at TRL 6. Laser metrology is used for high-precision, autonomous maintenance of the alignment of the segments to the telescope 5 . Beam launchers on the primary mirror segments are used in conjunction with fiducials on the secondary mirror to monitor the distance and the relative attitude between the primary mirror segments and the secondary mirror. This information is fed to a controller in the avionics, which uses flight software algorithms to determine the alignment of the segments and command adjustments as needed. The metrology system leverages ten years of investment by the NASA and DOD and is currently at TRL 4-5. An identical laser metrology system is used to monitor the attitude of the secondary mirror relative to the telescope base.
Image-based WFS&C provides the ability to focus the telescope in situ. Images are taken by the camera and sent to the ground where they are processed and the changes to the primary mirror segments needed to focus the telescope are determined. Three different techniques are used for different phases of the focus process: Shack-Hartmann sensing for the initial alignment of the segments, dispersed fringe sensing for segment co-phasing, and phase-retrieval sensing for fine wavefront adjustment. A narrow-band filter is used to demonstrate diffraction-limited performance. WFS&C leverages 20+ years of investment by NASA and DOD and is at TRL 6+.
The OpTIIX Imaging Camera goal is to obtain diffraction-limited images of astronomical targets. This will demonstrate that the robotic assembly and autonomous phase-up of the six-segment OpTIIX telescope has succeeded at the system level by verifying that the final element in the optical chain (i.e., the science instrument) obtains a diffraction-limited image expected for a 1.45-m telescope. The images will also be used to support an active education and public outreach (E/PO) program and, as time permits, a modest set of science observations. The camera is designed with a precision latch system to ensure it will be installed in the instrument bay with sufficient positional accuracy so that its optics will be within the telescope's secondary optical adjustment capability.
Two driving requirements on OpTIIX are to (1) demonstrate that diffraction-limited performance with a Strehl ratio greater than 75% at 650 nm can be achieved and (2) acquire at least 50 color images of astronomical targets for education and public outreach (E/PO) use. More than 45 trades have been completed to date in support of these and other requirements, including the number of primary mirror segments, distance between the primary and secondary mirrors, addition of a third degree-of-freedom to the gimbal to compensate for field rotation, addition of a Fine Guidance Camera for pointing control and addition of an aperture cover for thermal control.
A key challenge has been to meet the precise pointing requirements needed to produce quality images for the E/PO program within the constraints of the ISS jitter environment. The control design includes three pointing control loops: gimbal control using feedback from the star trackers and gyro, CSM control using feed-forward gyro data, and TM control using feedback from the Fine Guidance Camera. Currently the project meets pointing requirements, although margin is low. A trade study on the gimbal implementation is ongoing. The baseline R2 design has some challenges performing precision pointing of the telescope and a design using linear actuators and a rotary stage is being evaluated as a back-up option.
THE NASA GODDARD SPACE FLIGHT CENTER IMAGING CAMERA
GSFC has performed a trade study to identify the most cost-effective approach to building an imaging camera that satisfies the requirements of the mission. The results of that study indicated that a simple imager design constructed using a "modified COTS (Commercial Off The Shelf)" approach would best enable a low-cost camera that would both survive in space and produce images of the desired quality. This approach utilizes mostly COTS components with the custom parts required for compatibility with OpTIIX, ISS, and the space environment.
The Imaging Camera assembly will be launched already installed in the core structure of the telescope (Fig. 3) , although designed so that it can be removed in space to enable future upgrades. The NRL/JMAPS Program has agreed to provide a 4k x 4k complementary metal-oxide semiconductor (CMOS) detector array (H4RG HyViSI), already at TRL 6, in return for qualification data generated by the OpTIIX experiment. Robotic replacement of the instrument is enabled by the inclusion of handling fixtures and precision latch sets derived from HST/Wide-Field Camera 3. Our trade studies showed that it is possible to adjust the telescope design (Fig. 4) to allow the detector to be placed at the telescope focal plane to improve the throughput and to greatly simplify the alignment work during integration and test (I&T) of the system, thereby lowering the cost of the I&T program.
The plate scale of the H4RG 4k x 4k detector will be in the range of 0.045 -0.060 arcsec/pixel on the sky and is expected to have a readout noise of <10 e-and a dark current <1 e-/pix/sec at 200 K. The detector will be controlled using SIDECAR ASIC electronics brought to TRL 9 by the HST Advanced Camera for Surveys (ACS) repair effort. The camera will include a filter wheel with eight positions, including three wide-band and three narrow-band filters, one blank spot, and one full-band filter.
The candidate broad-band filters (using HST WFC3 nomenclature, in which the three-digit number equals the central wavelength in nm, and "W" or "N" indicate a wide (~200 nm) or narrow (~10 nm) bandpass) are:
• Blue: F475W
• Visible: F606W
• Red: F814W
The candidate narrow-band filters are:
The camera, as designed, has no focus or tilt compensation. The telescope secondary will thus be moved to make focus adjustments. It is designed for a lifetime in orbit of at least six months. 
THE ISS AS A TESTBED
The availability of the ISS (Fig. 5) as a testbed host and its existing infrastructure supporting assembling, launching and operating this segmented telescope enables the technical demonstration to be accomplished at a fraction of the cost and years earlier than would be otherwise possible. Rather than spending substantial additional resources to provide a robotic system, the ISS Special Purpose Dexterous Manipulator (SPDM; Fig 6) will be used to assemble the telescope to mechanical tolerances. The SPDM has an articulating body, a pair of seven-jointed arms, and an assortment of tools, cameras and specialized sensors. It also has power and data connectivity for payloads or Orbital Replacement Units (ORUs). It is used in conjunction with the Space Station Remote Manipulator System (SSRMS) as an alternative to extra-vehicular astronauts to perform assembly and maintenance tasks on the ISS. The SPDM will also be used to disassemble the telescope at the end of its on-orbit life and, if needed, remove and replace parts of the telescope. Such repair capability would not be possible elsewhere without an additional mission -and additional cost -for that purpose. SPDM-compatible robotic interfaces and attachment mechanisms will be located on all telescope components handled by robots: interfaces for soft and hard mating, electrical power and data connections, grasp fixtures, and optical targets. These interfaces and mechanisms will be required to be on structural members that can endure robotic loads. Each of the unique interfaces will be tested in the Dexterous Manipulator Trainer (DMT) at NASA JSC to demonstrate the operation of the interface with the on-orbit SPDM.
There are many locations on the ISS from which a payload may be operated (see Figure 7 at close of article): eight total on the four External Logistics Carriers, ten on the Kibo External Facility and four on the Columbus External Facility. Early in the feasibility assessment for this experiment, the decision was made to view in the zenith direction, which was advantageous since the nadir-facing sites are in high demand and astronomical targets are more easily viewed with a zenith-pointing telescope. At the time of this paper, multiple locations are under consideration, all using ISS standard interfaces such as the Flight Releasable Attach Mechanism (FRAM), both to keep the cost of providing attachments low and to reduce potential configuration changes if the location of the payload is moved.
The transport systems available for ISS launches include the ESA Automated Transfer Vehicle (ATV), the Boeing Cygnus, the Japanese H-II Transfer Vehicle (HTV), the SpaceX Dragon and the Russian Soyuz. Of these vehicles, HTV and the Dragon are the best options for OpTIIX due to the combination of their non-pressurized cargo capability and Common Berthing Mechanism hatch. The OpTIIX project is keeping the individual launch packages sized to be accommodated on either vehicle.
OpTIIX will be robotically assembled remotely from Mission Control at NASA JSC and operated from the Payload Operations Integration Center at NASA Marshall Space Flight Center. We anticipate requiring weeks to months to assemble the entire system, given potential competing priorities on ISS. This extended time for assembly will require the hardware to be designed to survive in various configurations during the assembly process, similar to how future telescope assemblies will need to survive. We plan the robotic assembly and operation on the ISS of OpTIIX to be directly applicable to the design and robotic assembly of future telescopes.
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CONCLUSIONS
A future very large ultraviolet, optical, and near-IR space observatory is being widely considered as the next major Flagship mission for NASA, with a specific goal of searching for and studying extrasolar Earth-like worlds.
With an aperture of ~10 m or greater, this mission is likely to require significant on-orbit assembly and, very likely, subsequent upgrade and maintenance. These are capabilities do not currently exist and will need to be invested in to retire risk before such an ambitious observatory can be formally acknowledged as a high priority by the NRC Decadal Survey process and the general astronomical community.
The OpTIIX experiment on the ISS is intended to demonstrate key capabilities necessary for future large astronomical observatories: modular construction, robotic assembly and upgrade, and operations in zero g. In addition, the OpTIIX system may carry out competitively selected observational experiments both by professional astronomers, as well as part of an education/public outreach program. 
